A B ST RA CT The association of potassium (K) depletion with polyuria and a concentrating defect is established, but the extent to which these defects could be secondary to an effect of low K on water intake has not been systematically investigated. To determine whether hypokalemia has a primary effect to increase thirst and whether any resultant polyuria and polydipsia contribute to the concentrating defect, we studied three groups of rats kept in metabolic cages for 15 days. The groups were set up as follows: group 1, normal diets and ad lib. fluids (n = 12); group 2, K-deficient diet on ad lib. fluids (n = 12); and group 3, K-deficient diet and fluid intake matched to grotup 1 (n = 14). Daily urine flow and urinary osmolality of groups 1 and 3 were not significantly different throughout the study. In contrast, as of day 6, group 2 rats consistently had a higher fluiid intake (P < 0.0025), higher urine flow (P < 0.001), and lower urinary osmolality (P < 0.001) than the other two groups. These alterations in fluid intake and urine flow preceded a defect in maximal concentrating ability. On day 7, maximal urinary osmolality was 2,599+ 138 msmol/kg in rats on K-deficient intake and 2,567+142 msmol/kg in controls. To determine whether this primary polydipsia is itself responsible for the development of the concentrating defect, the three groups of rats were dehydrated on day 15 . Despite different levels of fluid intake, maximal urinary osmolality was impaired equally in groups 2 and 3 (1,703 and 1,511 msmol/kg, respectively), as compared to rats in group 1 (2,414 msmol/kg), P < 0.001. We therefore conclude that K depletion stimulates thirst, and the resultant increase in water intake is largely responsible for the observed polyuria. After 15 days of a K-deficient diet, the impaired maximal tirinary concentration in hypokalemia, however, was
INTRODUCTION
The association of hypokalemia with polyuria and a renal concentrating defect has been well established in both man (1) and experimental animals (2, 3). Studies in experimental animals have suggested that these derangements may be partially due to a decrease in medullary tonicity (2) . The mechanism responsible for the decrease in medullary tonicity remains controversial and derangements in both the function of the proximal tubule (4) and the ascending loop of Henle (5) have been proposed. A similar washout of medullary tonicity also occurs with excessive water intake and secondary polyuria (6) , and may be responsible for the concentrating defect noted in psychogenic polydipsia (7) . It, therefore, follows that the polyuria and the renal concentrating defect of hypokalemia could be a consequence of increased thirst and water intake. In this regard, early observers noted that both dogs (8) and rats (9) increased their water intake soon after being placed on a potassium (K)-deficient diet. The pathogenetic relationships between such increased water intake and the polyuria and renal concentrating defect in the hypokalemic state have not been fully defined. The present study thus was undertaken to establish whether hypokalemia has a primary effect on thirst and, if so, to determine Co., Cincinnati, Ohio). Animals were allowed 48 h to adapt to the cages before study collections were started. Kdeficient diet (5 meq/kg food) was commercially obtained from ICN Nutritional Biochemicals Div., International Chemical & Nuclear Corp., Cleveland, Ohio, and was supplemented with magnesium. The diet consumed by control animals was prepared by adding a combination of K salts to the above diet to render the K concentration equal to that of regular chow (232) meq/kg food). The following studies were undertaken.
Comparison of water intake in animals on K-supplemented and K-deficient diets and its temporal relation to impaired urinary concentration. The daily water intake, urine output, urinary osmolality, and weight of rats of K-supplemented (group 1) and K-deficient (group 2) diets were compared for 15 consecutive days (n = 12 in each group). The same comparisons were obtained in five rats in each group who were pair fed. Such feeding was accomplished by allowing rats on the K-supplemented intake no more food than consumed by its pair fed experimental animal in the previous 24 h. The rats on the K-supplemented diet uniformly consumed all the food given to them. In two separate groups of identically treated K-deficient and K-supplemented animals (n = 15 in each group, 5 of which were pair fed), the ability to maximally concentrate the urine was determined after a 24-h dehydration on day 7, the time by which the K-deficient animals had an intake clearly greater than control rats. To ensure maximal levels of circulating vasopressin during the concentrating test, five rats in each group were also given a subcutaneous injection of 500 mU of antidiuretic hormnone in oil on the day of dehydration and the injection was repeated the next morning when the final urine was being obtained.
Effect of water restriction on urine flow, urinary osmolality, and weights in animals on low K intake. The extent to which an increase in water intake could contribute to the polyuria of K depletion was determined by simultaneously studying a group of 14 rats (group 3) on Kdeficient diet whose water intake was matched daily to the previous day's intake of rats on K-supplemented diet (group 1). The daily fluid volume was offered in three separate aliquots. These animals' urine output urinary osmolality, and weight were determined daily.
Role of polydipsia and polyuria in the development of a concentrating defect. The contribution of polyuria and polydipsia to the concentrating defect in hypokalemia was determined by comparing the maximal urinary osmolality of hypokalemic rats allowed free water access (group 2, n = 12) to that of equally hypokalemic rats who were water restricted (group 3, n = 14) and, therefore, not allowed to develop polyuria and polydipsia. After 15 days in metabolic cages, these rats, as well as normokalemic controls (group 1, n = 12), underwent a 24-h concentrating test as described above. Animals were then sacrificed. Serum urea nitrogen, creatinine (Technicon AutoAnalyzer, Technicon Corp., Tarrytown, N. Y.), sodium, and K (Flame photometer) were then determined. Urinary osmolality was measured by freezing point depression.
Statistical analysis was performed by unpaired t test when two groups of animals were compared. The three groups were compared by one-way analysis of variance. Individual comparisons were made separately and cumulatively each day and multivariately across all 15 days to stummarize the results. A P value <0.05 was considered not significant.
RESULTS
WVater intake in rats on K-supplemented and Kdeficient diets and its temporal relation to impaired urinary concentration (Fig. 1) . The water intake of control rats on K-supplemented intake (group 1) was essentially unaltered in the 15 days of the study. As noted in Fig. 1 , the mean water intake of rats on the K-deficient diet (group 2) was not significantly different from controls in the first 5 days. The difference became significant on day 6 and remained so thereafter. The cumulative difference in water intake over the 15 days was significant to the P < 0.0025 level. Rats on the K-free diet consumed less food, as reflected in a significantly lower daily solute excretion (see below). Since such a decrease in food intake could in itself alter drinking behavior, the observations were repeated by pair feeding five rats on a Ksupplemented diet to an equal number of animals on K-deficient food. These pair fed animals had almost identical solute excretions, 26.7+1.6 and 27.4±1.9 mosmol/24 h, respectively. The pair feeding did not, however, alter the pattern of water intake noted above. In fact, the difference in water intake was already significant on day 4 (P < 0.01) and by day 6 the difference was significant to the P < 0.001 level.
A 24-h concentrating test was performed on 15 rats on K-supplemented intake and 15 rats on K-deficient diet for 7 days. Five of the rats in each group underwent this dehydration in the presence of large doses of vasopressin. The maximal urinary concentration achieved was not increased by the hormone in either group. No significant impairment in maximal urinary osmolality was noted at this time as mean urinary osmolalities were 2567±142 and 2,599±138 msmol/kg H20 in rats on K-supplemented and K-deficient intake, respectively. The weight loss sustained during the dehydration and the serum sodium after the test were indistinguishable in the two groups. Plasma K at this time was significantly decreased in animals on K-deficient diets (2.54±0.01 vs. 3.43±0.4 meq/liter in controls, P < 0.001), but this level was still higher than the serum K measured after 15 days on the diet, 2.05±0.05 meq/liter (P < 0.001). These results demonstrate that an increase in water intake clearly precedes the development of a concentrating defect in the rat developing K depletion.
Effect of water restriction on urine flow, urinary osmolality, and weights in animals on low K intake (Figs. 2 and 3 , Table I ). To determine the role of polydipsia on the polyuria of K depletion, daily urinary osmolality and urine flow were determined in animals on low-K diet whose intake was restricted to that of control rats on K-supplemented diets. As depicted in Fig. 2 (top) , such animals (denoted as group 3) had urine outputs that were not significantly different from animals on normal K intake (group 1). As of day 6, both control rats (group 1) and waterrestricted hypokalemic rats (group 3) had urine outputs consistently and significantly lower than that of rats on K-deficient intake allowed ad lib. fluids (group 2), P < 0.001. The increase in urine flow in this latter group is clearly not related to increased solute excretion. In fact, the mean solute excretion of these rats was 28.0±0.99 mosmol/24 h, which is significantly lower than that of control rats, 31.8±0.8 mosmol/24 h (P < 0.01). This decrease in solute excretion was also observed in the water-restricted animals on low-K diet (group 3) whose mean solute excretion was 26.8 +0.56 mosmol/24 h, not significantly different from animals on the same diet allowed ad lib. water (group 2) but lower than that of controls (P < 0.005). The changes in urine flow were reflected in daily urinary osmolality (Fig. 2, bottom) . Although urinary osmolality was consistently lower in group 2 animals, the urinary concentration of animals with comparable water intake (groups 1 and 3) did not significantly differ regardless of the K content of their diet.
The ability of rats on a low-K intake, whose water intake was restricted (group 3) , to decrease their urine flow and increase their urinary osmolality to control levels could have been due to intrarenal factors mediated by negative water on extracellular fluid balance. However, as shown in Fig. 3 and Table I , these rats had no significant alteration in body weight throughout the study and in this respect were at no time different from animals on the same diet allowed ad lib. fluid intake (group 2). In contrast to this previously noted failure of animals on K-restricted intake to grow (10) , animals on normal intake grew throughout the study. This gain in weight was seen in rats on normal intake even when they were pair fed, although at a slower rate. Furthermore, the serum sodium, blood urea nitrogen, and creatinine of these water-restricted rats was not different from that of either control or K-restricted animals allowed free water access (Table  I) .
Effect of polydipsia and polyuria on the development of the concentrating defect of hypokalemia (Table I) . To determine whether the polydipsia and polyuria associated with hypokalemia is in any way responsible for the concentrating defect that ensues in this disorder, the ability to maximally concentrate the urine in animals not allowed to become polydipsic and polyuric (group 3) was compared to that of equally hypokalemic rats allowed free water access (group 2). As noted in Table I 2 Mean urine flow (top) and mean daily urinary osmolality (bottom) of rats on normal potassium intake (group 1, n = 12), potassium-deficient diet on ad lib. fluid intake (group 2, n = 12), and potassium-deficient intake with water intake matched to that of rats on normal potassium diet (group 3, n = 14).
evaluated. Such an effect could explain not only the observed polyuria but could itself account for the measured decrease in medullary tonicity that is associated with hypokalemia (2). In this regard, Smith and Lasater (8) in dogs and Brokaw (9) in rats observed that water intake increased promptly after animals were placed on K-deficient intake. However, neither study reported on the osmolality of the excreted urine. Subsequently, Hollander et al. (10) noted that rats developed polydipsia almost immediately after being placed on a Kdepleted diet, their water intake being greater than that of their pair fed controls. However, since maximal urinary concentration was not tested at that early time, the authors acknowledge that the relationship of the polydipsia to a defect in the concentrating process cannot be ascertained from their data. Likewise, Kleeman (11) suspected, on the basis of his clinical observations, that K depletion may affect water intake in man as well. The present study was designed to determine whether K depletion has an effect on thirst and, if so, whether such an effect is responsible for the deranged renal conservation of water. Our studies provide rather conclusive answers to both of these questions. It becomes evident from a comparison of drinking behavior that the water intake of animals placed on K-deficient diet is increased rather promptly, although the difference does not attain consistent statisti- FIGURE 3 Daily weight of rats on normal potassium intake (group 1), potassium-deficient diet on ad lib. water intake (group 2), and potassium-deficient-diet with waturintake matched to that of rats on normal potassium diet (group 3). Whereas group 1 rats grew throughout the study, neither group 2 or 3 had changes in weight significantly different from 0 or from each other.
cal significance until day 6 (Fig. 1 ). This increase in water intake precedes the onset of a significant renal concentrating defect, since maximal urinary osmolality of rats fed K-deficient and K-supplemented diets was no different on day 7, a time at which water intake was significantly higher in the animals receiving the low K intake. These observations could not be explained on the basis of differences in total caloric or (Table I) . Inasmuchas hypokalemic animals ate less and weighed less than controls, the comparable levels of blood urea nitrogen and creatinine may reflect a slight but equal decrease in glomerular filtration rate in the two groups of hypokalemic rats. This primary effect of K depletion to stimulate water intake probably explains the observation that the polyuria of hypokalemic subjects is often in excess of the urine volume obligated by their concentrating defect. The mechanism whereby the development of K depletion causes polydipsia is in need of further study, but since it precedes a defect in water conservation, the implication is that the stimulus to thirst is not hyperosmolality, but rather is of a nonosmolar nature. Since polydipsia and polyuria can culminate in a vasopressin resistant impairment of urinary concentration (6), the possibility existed that the stimulation of thirst and water intake might be responsible for the renal concentrating defect. However, the development of a similar concentrating defect by day 15 in hypokalemic animals on restricted or ad lib. water intake demonstrates that the concentrating defect is independent of the high water intake in these rats, as was suggested by Blythe et al. (12) .
In conclusion, the results of the present study indicate that K depletion affects water homeostasis by both central and renal mechanisms. The former is characterized by the stimulation of thirst and leads to a primary polydipsia which is in large measure responsible for the polyuria observed in this disorder. Fturther K depletion then ctulminates in a derangement of maximal urinary concentration which is independent of the polyuria and polydipsia and is therefore most likely dtue to a direct renal effect of hypokalemia.
